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Molecular magnets based on heavy transition metals have recently attracted significant interest in the quest
for novel magnetic properties. For systems with an odd number of valence electrons per molecule, high or low
molecular spin states are typically expected in the double exchange or quasi-molecular orbital limits respectively.
In this work, we use bulk characterization, muon spin relaxation, neutron diffraction, and inelastic neutron scat-
tering to identify a rare intermediate spin-3/2 per dimer state in the 6H-perovskite Ba3LaRu2O9 that cannot
be understood in a double exchange or quasi-molecular orbital picture and instead arises from orbital-selective
Mott insulating behavior at the molecular level. Our measurements are also indicative of collinear stripe mag-
netic order below TN = 26(1) K for these molecular spin-3/2 degrees-of-freedom, which is consistent with
expectations for an ideal triangular lattice with significant next nearest neighbor in-plane exchange. Finally, we
present neutron diffraction and Raman scattering data under applied pressure that reveal low-lying structural and
spin state transitions at modest pressures P ≤ 1 GPa, which highlights the delicate balance between competing
energy scales in this system.
INTRODUCTION
The interplay between charge, spin, lattice and orbital de-
grees of freedom leads to a tremendous variety of exotic phe-
nomena in strongly-correlated electron systems. One partic-
ularly famous example is the metal-Mott insulator transition,
where a Coulomb repulsion U that is strong relative to orbital
hopping t leads to a significant modification of the band struc-
ture and promotes complete electron localization and hence
local moment physics. More recently, the intriguing concept
of an orbital-selective Mott phase was proposed in order to ex-
plain the coexistence of itinerant and localized electron char-
acter in the ruthenate system Sr2-xCaxRuO4 [1]. This state
can be achieved in multi-orbital systems with disparate orbital
hoppings, leading to a situation where some valence electrons
are localized while others are itinerant. Although the realiza-
tion of the orbital-selective Mott phase is still under debate
for Sr2-xCaxRuO4 [2–6], this state has been the subject of sev-
eral theoretical investigations [7–13] and has been discussed
in the context of iron-based superconductivity [14, 15], high-
Tc cuprates [16], the metal-insulator transition in V2O3 [17],
and the magnetic properties of double perovskites [18] and
BaFe2Se3 [19, 20].
Orbital-selective Mott physics may also play an important
role in heavy transition metal (i.e. 4d and 5d) molecular mag-
nets [21, 22]. The large spatial extent of the d orbitals and the
reduction of Hund’s coupling JH generate competing energy
scales that can invalidate the local moment / double exchange
picture generally expected in their 3d transition metal coun-
terparts and therefore have significant consequences on their
electronic ground states and magnetic properties. For a system
with two types of orbitals (c and d), three regimes are possible
depending on the relative strengths of tc, td, JH , and U : (i)
the quasi-molecular orbital limit (tc, td >> JH , U ), (ii) the
local moment / double exchange limit (tc, td << JH , U ), and
(iii) the orbital-selective limit (tc >> JH , U , td → 0) [23].
An accurate determination of the electronic ground state for
these molecular magnets is the first step towards developing a
detailed understanding of their collective magnetic properties,
which may be quite interesting if the molecules are strongly-
interacting.
Heavy transition metal molecular magnets with an odd
number of electrons per dimer are an excellent playground
for identifying systems and establishing trends where the dou-
ble exchange picture breaks down at the molecular level. The
competition between Hunds coupling and orbital hopping is
particularly striking in this case, as the electronic ground state
evolves from high to low spin with increasing orbital hopping
[21]. In principle, for particular electron configurations an in-
termediate spin ground state can also be realized in the orbital-
selective regime but experimental examples are lacking. This
class of materials may therefore enable detailed investigations
of low-lying spin state transitions, which are not common in
magnetic materials based on single ion building blocks. Fur-
thermore, in the quasi-molecular orbital limit they can also
generate new S = 1/2 quantum magnets with ideal frustrated
lattice geometries that are less susceptible to Jahn-Teller dis-
tortions [24] and in some cases are under active consideration
as quantum spin liquid candidates [25–27].
The 6H-perovskites, with the general chemical formula
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2Ba3MR2O9, consist of transition metal dimers decorating
a triangular lattice as illustrated in Fig. 1 and they have
already been shown to host a variety of interesting elec-
tronic ground states at the molecular level. For exam-
ple, Ba3NaRu2O9 exhibits interdimer charge order below
210 K [28], Ba3(Y,In,Lu)Ru2O9 are quantum magnets with
the Stot = 1/2 degree of freedom delocalized over the Ru
dimers [24], and Ba3CeRu2O9 has a non-magnetic ground
state that arises from quasi-molecular orbital formation com-
bined with a large zero field splitting [29]. The rich molec-
ular behavior in this family likely arises from the ability of
this structure to accommodate heavy transition metal dimers
based on face-sharing octahedra, which feature metal-metal
distances shorter than the nearest neighbor distance in the cor-
responding elemental metal [29] in some cases. In fact, quasi-
molecular orbital formation has been argued to give rise to the
quantum magnetism in Ba3(Y,In,Lu)Ru2O9 [24] rather than
the large spin state of Stot = 5/2 per dimer that would be real-
ized by a double exchange mechanism [30].
Interestingly, despite the same valence electron count of
seven per Ru dimer, the magnetic properties of the isostruc-
tural system Ba3LaRu2O9 have been shown to be drastically
different. The effective and ordered moments per dimer, ex-
tracted via magnetic susceptibility [31] and neutron diffrac-
tion [32] measurements respectively, are much larger and can-
not be explained by an Stot = 1/2 electronic ground state
for the dimers. No satisfactory explanation for this differ-
ent behavior has been proposed to-date and the true electronic
ground state of the Ru dimers in Ba3LaRu2O9 has remained
an open question. In this work, we combine magnetome-
try, heat capacity, muon spin relaxation, neutron diffraction,
and inelastic neutron scattering to identify an Stot = 3/2 elec-
tronic ground state for the dimers that we argue arises from an
orbital-selective mechanism at the molecular level. We also
establish an ordering temperature of TN = 26(1) K for the
stripe spin configuration that is expected for a triangular lattice
with a significant next-nearest neighbor in-plane exchange in-
teraction. Finally, we use neutron powder diffraction and Ra-
man scattering under applied pressure to show that moderate
pressures of P ≤ 1 GPa generate both structural and spin state
transitions in Ba3LaRu2O9.
EXPERIMENTAL METHODS
Polycrystalline samples of Ba3LaRu2O9 were synthesized
by a solid-state reaction using a stoichiometric amount of
the starting materials BaCO3, Ru, and La2O3 (fine powder
predried at 950°C overnight) with purities of 99.9% or higher.
The starting materials were mixed in agate mortars, pressed
into pellets, annealed in air at 900°C for 12 hours, and then
annealed at 1200°C for 20 hours with intermediate grinding
and pelletizing.
The room temperature X-ray powder diffraction (XRD)
patterns were collected using a HUBER Image Plate Guinier
Camera 670 with Ge monochromatized Cu Kα1 radiation
(λ ≈ 1.54 A˚) to check the quality of the powder samples. No
obvious impurity peaks were observed.
The dc magnetic susceptibility and magnetization measure-
ments were performed in the temperature range of 2-320 K
using a Quantum Design superconducting interference device
(SQUID) magnetometer. The high-temperature magnetic sus-
ceptibility was measured with a Quantum Design Magnetic
Property Measurement System (MPMS) in the temperature
range of 300-800 K. The specific heat measurements were per-
formed using the relaxation method with a commercial Phys-
ical Property Measurement System (PPMS) from Quantum
Design.
Neutron powder diffraction (NPD) was performed on∼ 6.5
g of polycrystalline Ba3LaRu2O9 using the HB-2A powder
diffractometer of the High Flux Isotope Reactor (HFIR) at
Oak Ridge National Laboratory (ORNL) [33]. The sam-
ple was loaded in a cylindrical vanadium can, and the data
were collected at different temperatures ranging from 1.5 K
to 300 K with neutron wavelengths of 1.54 A˚ and 2.41 A˚ and
a collimation of open-21′-12′. The ambient pressure HB-2A
data was refined using the FullProf software suite [34] and
the magnetic structure symmetry analysis was performed us-
ing SARAh [35]. Further NPD studies were also carried out
on HB-2A with ∼ 4.5 g of polycrystalline Ba3LaRu2O9 and
a Fluorinert pressure medium first loaded in a teflon tube and
then placed in a Cu-Be clamp cell capable of applying hydro-
static pressures up to 1 GPa. Elastic neutron scattering mea-
surements, complementary to the ambient pressure NPD ex-
periment described above, were performed on the 14.6 meV
fixed-incident-energy triple-axis spectrometer HB-1A of the
HFIR at ORNL using the same polycrystalline sample of
Ba3LaRu2O9 measured in ambient pressure at HB-2A over a
temperature range 1.5 K to 40 K. For this experiment, the sam-
ple was loaded in a cylindrical Al can to minimize incoher-
ent nuclear scattering that could prevent the detection of weak
magnetic Bragg peaks not observed in the initial HB-2A ex-
periment. The overall background was minimized by using a
double-bounce monochromator system, mounting two-highly
oriented pyrolytic graphite (PG) filters in the incident beam
to remove higher-order wavelength contamination, and plac-
ing an analyzer of PG crystals before the single He-3 detector
for energy discrimination. A collimation of 40′-40′-40′-80′
resulted in an energy resolution at the elastic line just over 1
meV (FWHM).
Inelastic neutron-scattering (INS) measurements were per-
formed on the direct-geometry time-of-flight chopper spec-
trometer SEQUOIA [36] of the Spallation Neutron Source
(SNS) at ORNL, using the same Ba3LaRu2O9 polycrystalline
measured in the ambient pressure HB-2A experiment. The
sample was loaded in a cylindrical Al can and spectra were
collected with incident energiesEi = 25 and 100 meV at tem-
peratures of 4 K (both incident energies), 30 K (25 meV only),
and 300 K (100 meV only). An empty aluminum can was
measured in identical experimental conditions for a similar
counting time. The resulting background spectra were sub-
tracted from the corresponding sample spectra after normal-
3FIG. 1: (color online) (a) A crystallographic unit cell of Ba3LaRu2O9, with the oxygen atoms excluded for clarity. The blue arrows represent
the magnetic structure determined by neutron powder diffraction. (b) A schematic of the Ru dimers in Ba3LaRu2O9. (c) A view along the
c-axis of the triangular lattice formed by the Ru dimers in the cystallographic ab-plane. (d) A close-up view of one Ru dimer in Ba3LaRu2O9,
which illustrates the face-sharing nature of the octahedra and the positions of the two crystallographically-inequivalent oxygen ions.
ization with a vanadium standard to account for variations of
the detector response and the solid angle coverage.
Muon spin relaxation (µSR) measurements were performed
on the M20 surface muon beamline at TRIUMF. A low-
background “veto” set-up was employed with the sample
mounted inside a mylar packet placed in the path of the muon
beam within a helium flow cryostat. Measurements were per-
formed in zero field and longitudinal field geometries over a
temperature range of 1.5 to 60 K. A good review of the µSR
technique can be found in Ref. [37].
Raman scattering was performed under compression be-
tween 0 to 10.36 GPa using diamond anvil cell techniques.
Polycrystalline material was loaded into a symmetric diamond
anvil cell along with an annealed ruby ball, and KBr was used
as the pressure medium for the measurement. This assured a
quasi-hydrostatic environment for the sample. Fluorescence
from the ruby ball was used to determine pressure [38]. These
experiments were carried out using the COMPRES beam-
line facility at the National Synchrotron Light Source II at
Brookhaven National Laboratory. We employed λexcit = 532
nm; ≈1 mW power; 30 sec integration, averaged three times.
All data were collected at room temperature.
RESULTS AND DISCUSSION
(I) Electronic ground state of the Ru dimers
Figure 2(a) shows the dc magnetic susceptibility χ (plotted
asM/H) vs temperature for Ba3LaRu2O9 measured from 2 to
800 K in an applied magnetic field of 1 kOe under both zero-
field cooled (ZFC) and field-cooled (FC) conditions. The low-
temperature data below∼ 25 K is indicative of magnetic order
and will be discussed more in the next section. The Curie-
Weiss fit of the high-temperature inverse susceptibility data
(above 250 K) is shown in Fig. 2(b). This fit results in a Curie-
Weiss temperature θCW = −44 K and an effective moment
µeff = 3.74µB /FU (Ba3LaRu2O9 formula unit), which is close
to the expected value of 3.87µB /dimer for a molecular spin-
3/2 state. The χT versus T plot shown in Fig. 2(c) reaches a
saturation value of ∼ 1.65 that is slightly below χT = 1.875
for spin-3/2, which could be due to the thermal population
of spin-1/2 excited states in the high-temperature region (up
to 800 K). This suggests that the Ru-dimers in Ba3LaRu2O9
adopt an unusual spin-3/2 ground state, in sharp contrast to
the isostructural analogs Ba3(Y,In,Lu)Ru2O9 that are known
to host spin-1/2 dimer ground states [24].
To obtain additional evidence for the exotic intermediate
spin state of the Ru dimers in Ba3LaRu2O9, INS measure-
ments were performed on the SEQUOIA spectrometer with an
incident energy Ei = 100 meV. Figure 3(a) and (b) show the
color contour plots of the dynamical structure factor S(Q,ω)
multiplied by the magnetic form factor squared f(Q)2 at room
temperature (300 K) and base temperature (4 K), respectively.
The spectra are dominated by the phonon modes in the high
momentum transfer (Q) regions, which makes it challeng-
ing to identify any weak magnetic modes. For this reason,
constant-Q cuts of f(Q)2S(Q,ω) for both the 4 K and 300 K
data sets are plotted in Fig. 3(c) with a Q integration range of
1 to 2 A˚−1. We can now clearly observe two peaks centered
at energy transfers E ≈ 22 and 35 meV, indicated by gray ar-
rows, corresponding to magnetic excitation candidates. The
Q-dependence of these two peaks is shown with constant en-
ergy cuts plotted in Fig. 3(d) and (e) respectively. The inten-
sity of both peaks decreases with increasing Q in the low-Q
(< 2 A˚−1) region and therefore they have a magnetic origin.
4FIG. 2: (color online) (a) Magnetic susceptibility vs temperature for Ba3LaRu2O9 measured in an applied magnetic field of 1 kOe under both
zero-field-cooled and field-cooled conditions between 2 and 800 K. (b) Inverse susceptibility vs temperature with the Curie-Weiss fit indicated
by the solid red line. (c) The temperature dependence of χT reaches a saturation value of ∼1.65, which is close to the expected value of
χT = 1.875 indicated by the dashed line for Stot = 3/2 and g = 2.
The persistence of these two modes up to 300 K suggests that
they correspond to d-d excitations and not collective magnetic
excitations (i.e. spin waves). On the other hand, we identified
a third magnetic mode just above the elastic line that is disper-
sive in nature with the expected temperature-dependence for a
spin wave origin. This mode is most clearly observed in lower
Ei = 25 meV data and will be discussed in more detail later.
TABLE I: Lattice constants and selected structural parameters for
Ba3(Y,In,Lu)Ru2O9 [24] and Ba3LaRu2O9 extracted from refine-
ments of the NPD data measured at 1.5 K and 3.5 K with neutron
wavelength λ = 1.54 A˚.
B’ In (3.5 K) Y (3.5 K) Lu (1.5 K) La (1.5 K)
a(A˚) 5.7947(1) 5.8565(1) 5.8436(1) 5.95103(14)
c(A˚) 14.2738(2) 14.4589(1) 14.3978(2) 15.0087(4)
Ba2-z 0.9116(2) 0.9075(1) 0.9084(2) 0.8910(2)
Ru-z 0.1611(1) 0.1632(1) 0.1620(1) 0.16458(16)
O1-x 0.4874(5) 0.4879(4) 0.4887(5) 0.4866(5)
O2-x 0.1712(4) 0.1758(2) 0.1741(3) 0.1787(4)
O2-z 0.4150(1) 0.4124(1) 0.4138(1) 0.40457(8)
Rwp(%) 8.82 6.27 6.18 5.83
Ru-Ru(A˚) 2.538(3) 2.511(2) 2.533(3) 2.564(3)
Ru-O1(A˚) 2.001(3) 2.009(2) 2.019(2) 2.034(3)
Ru-O2(A˚) 1.956(2) 1.936(1) 1.947(2) 1.902(3)
Ru-O1-Ru(◦) 78.8(1) 77.4(1) 77.7(1) 78.16(15)
Our previous magnetic susceptibility and INS work on
Ba3(Y,In,Lu)Ru2O9 [24] revealed a single d-d excitation in all
three cases with an energy transfer ranging between 31.5 and
34 meV, which we identified as a molecular transition from the
Stot = 1/2 ground state to the Stot = 3/2 excited state within
a quasi-molecular orbital picture. This interpretation is con-
sistent with the neutron scattering selection rule ∆S = 0,±1
[39]. Although these excited modes were not resolution-
limited, the broadening may arise from a finite amount of zero
field splitting. The current INS data on Ba3LaRu2O9 provides
an interesting contrast, as two d-d excitations are observed in
a similar energy regime. This observation is consistent with
an Stot = 3/2 electronic ground state for the Ru dimers if
these two modes represent transitions to the Stot = 1/2 and
Stot = 5/2 manifolds, as these excitations are both allowed
by selection rules. We assign the lower and upper modes to
the Stot = 1/2 and 5/2 transitions, respectively, as the former
is nearly resolution-limited while the latter exhibits increased
broadening expected to arise from significant zero field split-
ting of an Stot = 5/2 state. We also note that this assign-
ment is consistent with the high-temperature magnetic sus-
ceptibility data described above and the previous determina-
tion that the nearly isostructural systems Ba3(Y,In,Lu)Ru2O9
host Stot =1/2 electronic ground states.
The orbital diagram for Ba3(Y,In,Lu)Ru2O9, with seven
valence electrons per Ru dimer, has been discussed pre-
viously and consists of a lower-energy a1g bonding level
and a higher-energy epig bonding level [24] that are made
up of linear combinations of the atomic d-orbitals [40]. In
these cases, the extremely short Ru-Ru distances arising from
the face-sharing octahedral geometry of the Ru dimers and
the spatially-extended 4d orbitals lead to the low-spin (i.e.
Stot = 1/2) molecular orbital diagram illustrated in Fig. 4(c),
rather than the high-spin (i.e. Stot = 5/2) double exchange
scenario shown in Fig. 4(a) typically expected for molecular
magnets based on 3d transition metals. To gain some insight
into why the Ru dimers realize a different electronic ground
state in Ba3LaRu2O9, we revisited the low-temperature crys-
tal structure of this system using the HB-2A powder diffrac-
tometer with a neutron wavelength of 1.54 A˚. Our new re-
finement results for Ba3LaRu2O9 are presented in Table I and
compared to our previous work on Ba3(Y,In,Lu)Ru2O9 [24].
While we find broad agreement with earlier diffraction work
[31, 32], we note that our low-temperature Ru-Ru and Ru-
O1 distances are slightly larger for Ba3LaRu2O9 compared to
Ba3(Y,In,Lu)Ru2O9. Since the a1g orbitals are aligned and
overlap directly, as shown in the inset of Fig. 4(b), the a1g
orbital hopping tc is most effectively tuned with the Ru-Ru
distance. The situation is quite different for the epig orbitals,
where the reduced direct overlap ensures that the epig orbital
5FIG. 3: (color online) (a), (b) Color contour plots of the dynamical structure factor S(Q,ω) multiplied by the magnetic form factor squared
f(Q)2 at T = 300 K and 4 K, respectively, for the incident energy Ei = 100 meV SEQUOIA data sets. (c) Constant-Q cuts of f(Q)2S(Q,ω)
at low Q (integration range from 1 to 2 A˚−1) with T = 4 and 300 K for Ei = 100 meV. The gray arrows indicate two candidate mag-
netic excitations and the horizontal black lines represent instrumental energy resolution at these peak positions. (d), (e) Constant-E cuts of
f(Q)2S(Q,ω) corresponding to the two peaks in panel (c) show that their intensity increases with decreasing Q and therefore they have a
magnetic origin. For simplicity, f(Q)2 is not included in the labels of the figure panels.
hopping td is smaller and determined by both the Ru-Ru and
Ru-O1 distances. It appears that the seemingly subtle differ-
ences in the Ru-Ru and Ru-O1 distances in Ba3LaRu2O9 and
Ba3(Y,In,Lu)Ru2O9 are still large enough to effectively tune
td and generate a spin state transition in this family of ma-
terials. This scenario provides a natural explanation for the
intermediate spin state of the Ru dimers in Ba3LaRu2O9, as it
can arise from the orbital diagram presented in Fig. 4(b). Due
to the large tc >JH and the comparatively smaller td, only the
a1g manifold participates in molecular bonding. Presumably,
the other five electrons engage in a double exchange process
to generate the Stot = 3/2 spin degree of freedom.
(II) Collective static magnetic properties
With the electronic ground state of the Ru dimers in
Ba3LaRu2O9 firmly established as Stot = 3/2 due to orbital-
selective behavior, we now examine the collective static mag-
netic properties of this molecular magnet. There are two pre-
vious reports on this topic [31, 32], but several open questions
remain. The initial X-ray diffraction and bulk characterization
study reveals two possible magnetic transitions in the specific
heat at Tc1 ≈ 6 K and Tc2 ≈ 22 K, while the magnetic sus-
ceptibility shows a clear peak at Tc1 and a very subtle bump
at Tc2. Follow-up neutron powder diffraction work using the
WISH spectrometer at ISIS revealed magnetic Bragg peaks
for T ≤ 10 K, but no precise magnetic transition tempera-
ture was reported so the origin of Tc1 and Tc2 remains un-
known. Furthermore, the magnetic Bragg peaks observed in
the NPD data were modeled within a local moment picture
with intradimer ferromagnetic exchange that was noted to be
unusual and the magnetic structure could only be explained
by a model consisting of two irreducible representations with
a confounding moment direction.
We performed a series of measurements to explore these is-
sues. First, we present dc magnetic susceptibility data up to
40 K on our Ba3LaRu2O9 polycrystalline samples in Fig. 5(a).
We find a zero-field-cooled (ZFC) / field-cooled (FC) diver-
gence that onsets below Tc2 ≈ 25 K and a broad peak at
Tc1 ≈ 6 K in both the ZFC and FC data. These findings
are in broad agreement with previous work [31], although our
6FIG. 4: (color online) Schematics of the electronic ground states for Ru dimers with seven electrons based on face-sharing octahedra in the
(a) double exchange (DE) limit, (b) orbital-selective (OS) regime, and (c) molecular orbital (MO) limit. The inset of panel (b) shows the a1g
orbitals for each Ru dimer. The large direct overlap of the a1g orbitals, combined with the significantly reduced orbital overlap for the epig
manifold, generates an orbital-selective state in Ba3LaRu2O9.
FIG. 5: (color online) (a) The low-temperature magnetic susceptibility of Ba3LaRu2O9 shows a zero-field-cooled / field-cooled divergence
below Tc2 ≈ 25 K. (b) The isothermal magnetization measured at 2 K shows a linear field dependence, which is consistent with an antiferro-
magnetic ground state. (c) The temperature-dependence of the specific heat Cp shows a clear transition at Tc2 ≈ 25 K. The blue curve is our
best fit to the lattice contribution using a Thirring model. We attribute the additional contribution of the magnetic Cp to a Schottky anomaly
arising from a small zero field splitting of the Stot = 3/2 state. The inset depicts the low-temperature Cp on a log-log scale to highlight the T 2
dependence in this regime. (d) The magnetic entropy of Ba3LaRu2O9, plotted as a function of temperature, approaches the expected value of
11.5 J/mol-K for a Stot = 3/2 state when warming above the magnetic ordering temperature and the Schottky anomaly.
Tc2 value is slightly higher. We also plot the magnetization
as a function of field at 2 K in Fig. 5(b) and we find a lin-
ear response which is indicative of a collinear antiferromag-
netic ground state. Next, we show heat capacity data over a
much wider temperature range than published previously [31]
in Fig. 5(c). Interestingly, this data shows a clear anomaly at
Tc2 ≈ 25 K and a Schottky anomaly centered around 50 K,
but no obvious feature around Tc1. We also note that the
lowest temperature data measured between 300 mK and 10
K exhibits a T 2-dependence as shown in the Fig. 5(c) in-
set. This T -dependence can arise from different origins, in-
cluding a spin wave contribution from a gapless quasi-two-
dimensional antiferromagnet, and will be discussed in more
detail later. The magnetic entropy was extracted from the Cp
data after subtracting the lattice contribution that was approxi-
mated by a Thirring model [41–43] and the result is presented
in Fig. 5(d). We find that the entropy recovered up to 150 K
(S = 10.7 J/mol FU-K) is only slightly lower than expecta-
tions for a Stot = 3/2 molecular degree of freedom (S = 11.5
J/mol FU-K), which is consistent with the Ru dimer electronic
ground state that we described above. This result also sug-
gests that the Schottky anomaly arises from a small zero field
splitting of the Stot = 3/2 state.
Since we were not able to identify a definitive origin for the
Tc1 magnetic transition in Ba3LaRu2O9 from our bulk charac-
terization measurements, we performed muon spin relaxation
(µSR) on our samples. This technique is extremely sensi-
tive to local magnetic fields and magnetic volume fractions,
so it can be used to readily differentiate between scenarios
where the Tc1 transition arises from a small magnetic impurity
phase or a magnetic structure change intrinsic to Ba3LaRu2O9.
Muon spin polarization (i.e. µ+ polarization) plotted as a
function of time at various temperatures is shown in Fig. 6(a)
and reveals clear evidence of static magnetism appearing be-
low a temperature of roughly 25 K, which is in excellent
agreement with our bulk characterization data. Closer inspec-
tion of the lowest temperature data reveals highly-damped os-
cillations, as shown in Fig. 6(b), indicating long-range order
with appreciable decoherence (short 1/T2). The polarization
could be successfully fit with the following function:
P (t) =
2
3
2∑
i=1
aie
−t/T2i cos(ωit) +
1
3
e−t/T1 , (1)
where 1/T2 is the dephasing or decoherence rate and 1/T1
7is the spin-lattice relaxation rate. Two different frequencies
were used, which likely correspond to muon stopping sites
near the two inequivalent oxygen sites in the structure since
∼ 1A˚ muon-oxygen bonds are commonly found in oxides
[44]. It was not possible to successfully fit the data with the
Koptev-Tarasov function [37], which accounts for damping of
oscillations through significant inhomogeneity of the internal
fields, rather than decoherence. Similar results were obtained
for two samples studied (A and B). Slight discrepancies are
observed, but the oscillation frequencies are the same within
the uncertainty on the fitting parameters. More precisely, in
sample A we obtained ω1A = 72±3 µs−1 and ω2A = 40±13
µs−1. In sample B, ω1B = 79 ± 8 µs−1 and ω2B = 42 ± 5
µs−1. Since this data for the two samples is in excellent agree-
ment, we focus on the sample A measurements in the rest of
this section.
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FIG. 6: (color online) (a) Temperature-dependence of the muon spin
polarization in zero field. (b) Oscillations observed in the zero-field
polarization at short times for two different samples, with the sam-
ple B data shifted upwards to improve clarity. The data fit well to
the sum of two damped cosines plus a 1/3 relaxing tail. To within
the uncertainty of the fit parameters, both samples exhibit the same
oscillation frequencies. (c) Frozen (ordered) volume fraction vs tem-
perature obtained from the zero field measurements. The magnetic
transition temperature is indicated by a vertical dashed line. (d) Lon-
gitudinal field scan of the muon spin polarization at T = 1.5 K, along
with simulation results described in the text shown as solid curves.
To identify the onset of the magnetic order and hence the
transition temperature, we have fit the slowly-relaxing part of
the zero-field polarization at t > 0.2 µs for sample A to a sim-
ple exponential function, PZF = (1 − 2f/3)e−t/T1 , where
f represents the frozen fraction. Here the amplitude of the
slowly-relaxing component contains both the non-frozen frac-
tion of the sample and the 1/3 tail from the static fraction. The
temperature-dependence of the ordered volume fraction ex-
tracted from this analysis is shown in Fig. 6(c) and essentially
consistent with a fully-ordered sample.
In Fig. 6(d), a longitudinal field scan of the muon spin po-
larization is shown and demonstrates that BL = 4000 Oe is
sufficient to completely decouple the muon spins from inter-
nal magnetic fields (which are at most around 850 Oe). A sim-
ulation of the expected longitudinal field behavior for each
muon stopping site was performed using the following equa-
tion:
P (t) =
1
2
∫ pi
0
dξ sin ξ sin2 [θ(ξ)] cos [B(ξ)γt] e−t/T2i
+
1
2
∫ pi
0
dξ sin ξ cos2 [θ(ξ)] e−t/T1 ,
(2)
with the magnitude of the magnetic field given by
B =
√
(BL +Bi cos ξ)2 +B2i sin
2 ξ, (3)
and with cos θ = (BL + Bi cos ξ)/B and sin θ =
(Bi/B) sin ξ. Here, Bi represents the internal field for the
ith muon stopping site in the absence of applied field. While
this simulation [see Fig. 6(d)] is not entirely successful, it
is also quite an oversimplification. Here we only consider
the effects of the addition of the longitudinal field onto a
unique (but randomly-oriented) internal field with linewidth
and relaxation effects added afterwards in an ad hoc fashion.
The main deviations from theory are at low fields where the
linewidth is comparable to the applied field and our model is
particularly crude. The fields at which complete decoupling is
achieved are well-captured by the model and overall this anal-
ysis is fully consistent with the notion of static magnetism in
Ba3LaRu2O9.
These µSR measurements provide support for two im-
portant conclusions. Firstly, the highest frequency ob-
served in these samples (72±3 µs−1 for sample A and
79±8 µs−1 for sample B) is roughly six times higher than
the highest frequency observed in the isostructural material
Ba3LuRu2O9 [24]. This finding can be easily rationalized with
the higher local magnetic fields expected for the Stot = 3/2 Ru
dimer ground state discussed above. Naively, one would ex-
pect a factor of three increase in internal field, but this expec-
tation completely neglects the rather different orbital config-
urations that will result in these two distinct situations. Sec-
ondly, there is no abrupt change in the magnetic volume frac-
tion of the data at Tc1. This suggests that the 6 K magnetic
transition arises from a small magnetic impurity in the sam-
ple, and in fact the 12-L perovskite Ba4LaRu3O12 is known
to order at this temperature [45]. We note that the true order-
ing temperature of Ba3LuRu2O9 is significantly higher than
its isostructural counterparts Ba3(Y,In,Lu)Ru2O9 [24, 31] and
this is fully consistent with expectations for an electronic
ground state with a larger spin.
In order to obtain confirmation of the true magnetic transi-
tion temperature and to better understand the critical behav-
ior at this transition, complementary elastic neutron scattering
measurements were performed on a polycrystalline sample
of Ba3LaRu2O9 using the HB-1A triple axis spectrometer at
HFIR. Fig. 7(a) shows the temperature dependence of the in-
tensity for the strongest magnetic peak, which can be indexed
8FIG. 7: (color online) (a) The temperature-dependence of the (0 0.5 1) magnetic peak intensity. A power law fit performed just below the
transition temperature reveals a critical exponent of 0.30(2), which is consistent with a three-dimensional universality class. (b) The refined
neutron powder diffraction pattern at 1.5 K. The data is plotted with red symbols, the combined structural and magnetic model is superimposed
with a blue curve, the ticks below the pattern show expected Bragg peaks for the structural and magnetic phase, and the difference pattern is
indicated by a solid black curve. The index of the strongest magnetic peak is (0 0.5 1).
by (0 0.5 1) as explained below. A simple power law was ap-
plied to fit the peak intensity near the transition temperature:
I = I0
(
1− T
TN
)2β
, (4)
where TN = Tc2 is the Nee´l temperature and β is the criti-
cal exponent of the order parameter (OP). The fitting result
yields TN = 26(1) K and no sharp change in the intensity is
detected around 6 K, which is consistent with our other mea-
surements described above. We also find that β = 0.30(2),
which is close to the values expected for a three-dimensional
universality class (β3D, Ising = 0.326 and β3D, Heisenberg =0.345)
and much larger than expected for a quasi-2D Ising model
(β2D, Ising = 0.125). This result is surprising since a T 2-
dependence for the low-temperature specific heat often arises
from spin wave contributions of a gapless, quasi-2D antifer-
romagnet.
With the true magnetic transition temperature of
Ba3LuRu2O9 now established, we return to the open questions
surrounding the magnetic structure measured previously [32].
We collected neutron powder diffraction data on polycrys-
talline Ba3LaRu2O9 at 1.5 and 40 K using the HB-2A powder
diffractometer with a neutron wavelength of 2.41 A˚. The 1.5
K diffraction pattern is similar to the previous measurements
of Senn et al [32] and consists of both nuclear and magnetic
Bragg peaks, as shown in Fig. 7(b). The 1.5 K data can be
refined in the P63/mmc space group, as noted above, and
the magnetic peaks observed can be indexed with the same
propagation vector k = (0 0.5 0) identified previously. To
model the magnetic structure we first performed a symmetry
analysis using SARAh [35]. Assuming a second order phase
transition at TN , the most likely magnetic models should
correspond to one of the eight irreducible representations
described in Ref. [32]. However, we found that none of these
models could fully explain our data, and therefore we also
tried linear combinations of them. Ultimately, we find that the
best magnetic refinement of the 1.5 K diffraction pattern is
achieved by using the same Γ3+Γ5 model as before [32]. The
Γ3 component is required to explain the magnetic intensity
at the (-1 0.5 0) position, which is not captured by the Γ5
model. To estimate the ordered moment size, we used a local
moment model with the Ru5+ magnetic form factor that has
been reported elsewhere [46]. The refined moment sizes per
Ru ion at T = 1.5 K are mb = 1.23(9)µB , mc = 0.5(1)µB ,
and mtot = 1.3(1)µB . These values are consistent with
the reported ordered moment sizes of mb = 1.3(1)µB ,
mc = 0.6(2)µB , and mtot = 1.4(2)µB reported previously
[32] and close to the expectation of mtot = 3µB for a
Stot = 3/2 Ru dimer electronic ground state. We also note that
the orbital-selective Mott state for the Ru dimers naturally
describes the ferromagnetic intradimer coupling revealed
from the analysis of the NPD data, but the refined moment
direction is difficult to understand. A schematic of the refined
magnetic structure is presented in Figs. 1(a) and (c); this is
the collinear stripe spin configuration that is predicted for
a triangular lattice with a significant in-plane next nearest
neighbor exchange interaction JNNN (i.e. JNNN/JNN > 0.125
[47]).
(III) Collective spin dynamics
We now return to the spin wave mode measured with in-
elastic neutron scattering using the SEQUOIA spectrometer.
This excitation was best observed by collecting data with an
incident energy Ei = 25 meV, which is presented in Fig. 8(a)
and (b) at T = 4 and 30 K respectively. Notably, there is a
strong band of inelastic scattering at 30 K centered above the
(0 0.5 0) and (0 0.5 1) magnetic Bragg peaks that shows a sig-
9FIG. 8: (color online) (a), (b) Color contour plots of the dynami-
cal structure factor S(Q,ω) multiplied by the magnetic form factor
squared f(Q)2 at T = 4 K and 30 K, respectively, for the incident
energyEi = 25 meV SEQUOIA data sets. The spectral weight of the
inelastic scattering observed at 30 K shifts up to higher energy trans-
fers below TN , which is consistent with a gapped spin wave mode.
For simplicity, f(Q)2 is not included in the labels of the figure pan-
els.
nificant shift in spectral weight up to higher energy transfers
at 4 K. This phenomenon has been observed in many other or-
dered systems when cooling below TN [48–50] and may sug-
gest that the spin wave spectrum of Ba3LaRu2O9 is gapped.
However, the spin wave contribution to the low-temperature
specific heat would then show an activated behavior rather
than a T 2 dependence. This discrepancy, combined with the
inconsistent universality class conclusions obtained from the
specific heat and the HB-1A neutron scattering data, suggest
that the T 2-dependence of the low-temperature specific heat
does not arise from a spin wave contribution.
We also considered modeling the spin wave data with a
magnetic Hamiltonian, but we failed to find a simple model
that could explain the moment direction obtained from neu-
tron powder diffraction. For this hexagonal crystal struc-
ture, Heisenberg models with zero field splitting (i.e. single
ion anisotropy) D can only produce moments in the ab-plane
(D> 0) or along the c-axis (D< 0), but not somewhere in be-
tween these two extremes. To obtain the correct ground state
found experimentally, it appears that the addition of exchange
anisotropy is essential, but this consideration goes beyond the
scope of our work on a powder sample. Single crystal inelas-
tic neutron scattering measurements on Ba3LaRu2O9 will be
invaluable for elucidating the magnetic Hamiltonian of this
system.
(IV) Structural and spin state transitions under pressure
One way to gain additional insight into mechanisms lead-
ing to the Stot = 3/2 molecular ground state in Ba3LaRu2O9 is
to apply external stimuli [51, 52]. Since orbital hybridization
should increase with decreasing intradimer Ru-Ru distance,
our hypothesis is that a small amount of pressure may induce
a spin state transition from Stot = 3/2 to Stot = 1/2 [52]. Such a
transition is expected to take place with a reduction in the Ru
ordered moment from 3µB to 1µB per cluster. We performed
a neutron diffraction experiment at HB-2A in a 1 GPa Cu-
Be pressure cell to search for evidence of such a high→ low
spin state transition by tracking the intensity of the strongest
magnetic Bragg peak under compression. We find significant
suppression in the intensity of this peak when the pressure
is increased from 0.3 to 0.9 GPa, as shown in Fig. 9(a) and
(b), but no significant change in the magnetic transition tem-
perature. Due to a background shift with increasing pressure,
we plot the pressure-dependence of the integrated intensity
for this peak in the Fig. 9(a) inset. We also searched for new
magnetic Bragg peaks at 0.9 GPa by collecting diffraction pat-
terns over a wide angular range at both 2 and 30 K, but none
were found. Suppression of this magnetic peak under com-
pression is therefore consistent with a low-lying spin state
transition rather than a magnetic structure change in this mate-
rial. Notably, the crystal structure also appears to be modified
at a lower pressure of 0.3 GPa, as the hexagonal (101) peak
near 2θ = 29° splits into three peaks, as shown in Fig. 9(c).
The highest crystal symmetry consistent with this three-fold
peak splitting is monoclinic. Unfortunately, our data quality
is insufficient for refining the crystal structure of this material
under compression due to the high, structured background of
the pressure cell and the significant neutron beam attenuation
through the cell.
In order to gain additional insight into the pressure-driven
transitions, we turn to Raman scattering. This method dove-
tails well with diamond anvil cell techniques and supports tun-
ing the sample over a much wider pressure range. Figure 10(a)
displays the Raman response of Ba3LaRu2O9 at room temper-
ature under compression. Plots of frequency vs pressure, as
shown in Fig. 10(b) and (c), allow us to track the behavior of
individual phonons and identify clear changes at P = 0.9 GPa.
While some modes such as the Ru–O stretch at 776 cm−1 are
insensitive to the 0.9 GPa transition, others (for instance at
215 and 235 cm−1) sport inflection points with subsequent
hardening as well as strong doublet splitting. This suggests
that while the Ru dimer is structurally rigid across the criti-
cal pressure, the charge storage layer containing Ba and La
is not. This is consistent with findings for structural rigidity
of the Ru dimer across the high → low spin transition in the
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FIG. 9: (color online) (a) A close-up view of the (0 0.5 1) magnetic Bragg peak as a function of different temperatures and applied pressures.
At a temperature of 2 K, this peak is significantly suppressed at an applied pressure P = 0.9 GPa. Due to a small background shift in the data
with increasing pressure, this effect can be best observed by tracking the integrated intensity of this peak as a function of pressure (see the
inset). (b) The (0 0.5 1) peak intensity as a function of temperature for P = 0.3 and 0.9 GPa. Although the magnetic transition temperature
shows very little change with increasing pressure, the peak intensity is noticeably suppressed by 0.9 GPa, which is indicative of a spin state
transition in this pressure regime. (c) A close-up view of the hexagonal (1 0 1) Bragg peak, which splits into three peaks even at P = 0.3 GPa.
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FIG. 10: (color online) (a) Raman scattering spectra of Ba3LaRu2O9 under compression at room temperature. (b) Frequency vs pressure of
several characteristic vibrational modes of Ba3LaRu2O9 up to 10.36 GPa. (c) Close-up view of frequency vs pressure trends in the vicinity of
the 0.9 GPa transition. The color scheme denotes the change in crystal structure.
bimetallic quantum magnet [Ru2(O2CMe)4]3[Cr(CN)6] [51–
53]. At the same time, the lower frequency modes involving
Ba and La motion provide evidence for symmetry breaking
across the 0.9 GPa transition.
A correlation group analysis identifies several candidate
subgroups of the P63/mmc space group. Recalling that
neutron diffraction for T ≤ 30 K constrains the high pres-
sure phase to a monoclinic structure, these subgroups include
C2/c, P21/m, and C2/m. We begin by considering whether
the system will have a primitive or centered lattice type in
the high-pressure phase. Our system sports a primitive lattice
(P63/mmc) at ambient conditions and goes through a cen-
tered lattice space group (Cmcm) on the way to one of the
three candidate monoclinic subgroups. We expect that the fi-
nal symmetry reduction will retain a centered lattice because
the face-centered cell is more dense than the primitive lattice
and therefore more stable under pressure. The screw opera-
tion is also unlikely to remain intact under these conditions.
This eliminates P21/m and leaves C2/c and C2/m as the
remaining candidates. Next we consider whether the high
pressure phase contains a reflection or glide plane. Here, we
proceed by realizing that reflection is a higher symmetry op-
eration and that pressure tends to break mirror planes. This
leaves C2/c as the most probable space group above the criti-
cal pressure, which is consistent with previous work identify-
ing a C2/c crystal structure in symmetry-lowering transitions
of other 6H-perovskites [28, 32]. Further work is required to
determine whether the 0.9 GPa structural transition at room
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temperature is coincident with the spin state transition identi-
fied at lower temperatures by neutron powder diffraction.
CONCLUSIONS
In conclusion, we have used a combination of bulk charac-
terization, muon spin relaxation, neutron diffraction, and in-
elastic neutron scattering to identify an intermediate Stot = 3/2
Ru dimer ground state in Ba3LaRu2O9 that is generated by
orbital-selective Mott insulating behavior at the molecular
level. We also find collinear stripe magnetic order below
TN = 26(1) K for these spin-3/2 degrees-of-freedom, which
is consistent with expectations for an ideal triangular lat-
tice with significant next nearest neighbor in-plane exchange.
Finally, we present neutron diffraction and Raman scatter-
ing data under applied pressure that reveal low-lying struc-
tural and spin state transitions at modest applied pressures
P ≤ 1 GPa, which highlights the delicate balance between
competing energy scales in this material. Interesting future
directions for Ba3LaRu2O9 include identifying the origin of
the T 2-dependence of the low-temperature specific heat, de-
termining the magnetic Hamiltonian giving rise to the moment
direction of the stripe spin order, solving the high-pressure
crystal structure, and carefully mapping out the temperature-
pressure phase diagram. Our work highlights the need to de-
velop a comprehensive understanding of the electronic ground
state of a heavy transition metal molecular magnet, where
large orbital hopping may lead to the breakdown of a simple
local moment / double exchange picture, before the collective
magnetic properties of the system can be properly identified
and characterized.
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